12 United States Patent
Rossl

US010028716B2

US 10,028.716 B2
Jul. 24, 2018

(10) Patent No.:
45) Date of Patent:

(54) DIFFERENTIAL PHASE-CONTRAST
IMAGING

(75) Inventor: Ewald Rossl, Ellerau (DE)

(73) Assignee: KONIKLIJKE PHILIPS N.V.,
Eindhoven (NL)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 813 days.

(21)  Appl. No.: 13/878,767

(22) PCT Filed: Oct. 12, 2011

(86) PCT No.:

§ 371 (c)(1),
(2), (4) Date:

PC1/1B2011/054500

Apr. 11, 2013

(87) PCT Pub. No.:. W02012/052881
PCT Pub. Date: Apr. 26, 2012

(65) Prior Publication Data
US 2013/0208864 Al Aug. 15, 2013
(30) Foreign Application Priority Data
Oct. 19, 2010  (EP) cooreiee e 10187976
(51) Int. CL
A6IB 6/00 (2006.01)
G2IK 1/06 (2006.01)
(Continued)
(52) U.S. CL
CPC ........... A6IB 6/484 (2013.01); A61B 6/4291
(2013.01); GOIN 23/04 (2013.01); GOIT 7/00
(2013.01);
(Continued)
(58) Field of Classification Search
CPC ........ A61B 6/4291; A61B 6/484; G21K 1/06;
G21K 1/067
(Continued)

512

(56) References Cited
U.S. PATENT DOCUMENTS

5,812,629 A *  9/1998 Clauser .......cccooeevvvvinnnnnnn, 378/62
6,968,041 B2* 11/2005 Hoheisel et al. ............. 378/154
(Continued)

FOREIGN PATENT DOCUMENTS

EP 1731099 12/2006
JP 2012045099 A 3/2012
(Continued)

OTHER PUBLICATTIONS

“Phase-Contrast X-Ray Imaging”, From Wikipedia, the Free Ency-
clopedia, Downloaded Apr. 12, 2015, pp. 1-25.

(Continued)

Primary Examiner — Allen C. Ho
(74) Attorney, Agent, or Firm — Larry Liberchuk

(57) ABSTRACT

The present invention relates to differential phase-contrast
imaging, 1n particular to a structure of a diflraction grating,
¢.g. an analyzer grating and a phase grating, for X-ray
differential phase-contrast imaging. In order to make better
use of the X-ray radiation passing the object, a diffraction
grating (14) for X-ray differential phase-contrast imaging 1s
provided with at least one portion (24) of a first sub-area (26)
and at least one portion (28) of a second sub-area (30). The
first sub-area comprises a grating structure (354) with a
plurality of bars (34) and gaps (36) being arranged periodi-
cally with a first grating pitch P G (38), wherein the bars are
arranged such that thy change the phase and/or amplitude of
an X-ray radiation and wherein the gaps are X-ray trans-
parent. The second sub-area 1s X-ray transparent and
wherein the at least one portion of the second sub-area
provides an X-ray 1 transparent aperture (40) in the grating.
Portions of the first and second sub-areas are arranged 1n an
alternating manner in at least one direction (42).

28 Claims, 18 Drawing Sheets
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1

DIFFERENTIAL PHASE-CONTRAST
IMAGING

FIELD OF THE INVENTION

The present invention relates to differential phase-contrast
imaging, in particular to diflraction gratings for X-ray dii-
ferential phase-contrast imaging, a detector arrangement of
an X-ray system for generating phase-contrast images of an
object, an X-ray 1mage acquisition device for generating
phase-contrast images of an object, a medical X-ray imaging,
system for differential phase-contrast imaging, a method for
differential phase-contrast imaging as well as a computer
program element and a computer-readable medium.

BACKGROUND OF THE INVENTION

Diflerential phase-contrast imaging 1s used, for example,
to enhance the contrast of low absorbing specimen, com-
pared to conventional amplitude contrast images. In EP 1
731 099 Al, an X-ray interferometer arrangement 1s
described comprising a standard polychromatic X-ray
source, a source grating, a beam splitter grating and an
analyzer grating and an image detector. An object 1is
arranged between the source grating and the beam splitter
grating, 1.¢. the phase grating. By phase stepping the ana-
lyzer grating 1t 1s possible to record raw 1mage data com-
prising phase information. The gratings, for example the
phase grating and the analyzer grating, comprise a plurality
of X-ray transparent slits between trenches of absorbing
material, for example gold.

SUMMARY OF THE INVENTION

It has been shown that the amount of X-ray radiation
being applied to the object, for example a patient, 1s partially
absorbed by the analyzer grating and thus not completely
used for recording image data by the sensor.

Hence, there may be a need to make better use of the
X-ray radiation passing the object.

The object of the present mmvention 1s solved by the
subject-matter of the independent claims, wherein further
embodiments are incorporated in the dependent claims.

It should be noted that the following described aspects of
the mvention apply also for the diffraction grating, the
detector arrangement, the X-ray image acquisition device,
the medical X-ray imaging system, the method, the com-
puter program and the computer-readable medium.

According to an exemplary embodiment of the invention,
a diffraction grating for X-ray diflerential phase-contrast
imaging 1s provided comprising at least one portion of a first
sub-area and at least one portion of a second sub-area. The
first sub-area comprises a grating structure with a plurality
of bars and gaps being arranged periodically with a first
grating pitch P,, wherein the bars are arranged such that
they change the phase and/or amplitude of an X-ray radia-
tion and wherein the gaps are X-ray transparent. The second
sub-area 1s X-ray transparent and the at least one portion of
the second sub-area provides an X-ray transparent aperture
in the grating. Portions of the first and second sub-areas are
arranged 1n an alternating manner in at least one direction.

According to the present invention, the term “changing
phase” relates to shifting the phase of the X-ray radiation.

According to the present invention, the term “X-ray
transparent” relates to the fact that X-ray radiation passing,
the grating 1s not changed 1n its phase, 1.e. 1t 1s not phase
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shifted, and not changed in its amplitude, both to a mea-
sureable or reasonable amount.

According to a further exemplary embodiment, the dii-
fraction grating 1s an analyzer grating for X-ray differential
phase-contrast 1maging.

According to a further aspect, the bars of the analyzer
grating are X-ray absorbing such that they are changing the
amplitude of X-ray radiation passing the grating.

According to a further exemplary embodiment, the dii-
fraction grating 1s a phase grating for X-ray diflerential
phase-contrast 1maging.

According to a further aspect, the bars of the phase grating
are changing the phase of X-ray radiation passing the
grating.

According to a further exemplary embodiment, the por-
tions of the first and second sub-areas are arranged across the
area of the diffraction grating in a chessboard pattern.

According to a further exemplary embodiment of the
invention, portions of the first sub-area are arranged linearly
in at least one linear grating group comprising at least one
line of portions of the first sub-area, and portions of the
second sub-area are arranged linearly 1in at least one linear
aperture group comprising at least one line of portions of the
second sub-area. At least two linear grating groups and at
least two linear aperture groups are provided and the linear
grating groups and the linear aperture groups are arranged 1n
an alternating manner 1n a first line pitch P, ;.

According to a further exemplary embodiment of the
invention, the grating structure of the first sub-area com-
prises at least one first grating field and at least one second
grating field; wherein a first grating ornientation G, of the
first grating field 1s arranged in a first orientation and
wherein a second grating orientation G, of the second
grating field 1s arranged i1n a second orientation which 1s
transverse to the first orientation.

According to a further exemplary embodiment of the
invention, a detector arrangement of an X-ray system for
generating phase-contrast 1mages of an object 1s provided
comprising a first and a second diffraction grating and a
detector with a sensor. The sensor comprises at least one
sensor pixel of a first sub-group of pixels and at least one
sensor pixel of a second sub-group of pixels. The first
diffraction grating 1s a phase grating and the second difirac-
tion grating 1s an analyzer grating. The analyzer grating
and/or the phase grating are adapted to be stepped trans-
versely 1n relation to the period of the analyzer grating. The
phase grating and the analyzer grating are provided as a
diffraction grating for X-ray differential phase-contrast
imaging according to one of the above-mentioned exem-
plary embodiments. The first and second diflraction gratings
are each adapted to be translated in relation to the sensor
from a first position to at least a second position with a first
translation pitch P, . The translation pitch P, 1s adapted to
the portions of the first and second sub-areas being arranged
in the alternating manner in the at least one direction and 1n
the first and second position, different fractions of the sensor
are arranged behind the portions of the first and second
sub-areas.

According to a further exemplary embodiment, further
sensor pixels of further sub-groups are provided.

According to a further exemplary embodiment, an X-ray
image acquisition device for generating phase-contrast
images of an object 1s provided with an X-ray source, a
source grating, a phase grating, an analyzer grating and a
detector. The X-ray source generates an X-ray beam of
polychromatic spectrum of X-rays. The source grating i1s
adapted to provide suflicient transverse coherence to 1llumi-
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nate at least one full grating pitch of the phase grating
coherently, so that interference can be observed at the
location of the analyzer grating. The phase grating 1s 1llu-
minated by several of the slits and can be called a beam
splitter grating as well as it splits the beam 1n the two leading
orders, i.e. 17 orders of diffraction, as the 07 order is
cancelled out exactly. The analyzer grating and/or the phase
grating are adapted to be stepped transversely 1n relation to
the period of the analyzer grating. The phase grating, the
analyzer grating and the detector are provided as a detector
arrangement according to one of the above-mentioned
exemplary embodiments.

According to a turther exemplary embodiment, a medical
X-ray 1maging system for diflerential phase contrast imag-
ing 1s provided with the X-ray image acquisition device for
generating phase-contrast 1mages of an object according to
the above-described embodiment. Further, a processing unit,
an mterface unit and an object receiving device are provided.
The processing unit 1s adapted to control the X-ray source as
well as the phase-stepping of the analyzer grating and/or the
phase grating and the translation of the phase grating and the
analyzer grating. The interface unit 1s adapted to provide the
recorded first and second raw 1mage data to the processing,
unit. The object recerving device 1s adapted to receive the
object of interest for the phase contrast image acquisition.

According to a turther exemplary embodiment, a method
for differential phase contrast imaging 1s provided compris-
ing the following steps: al) Applying coherent X-ray radia-
tion to an interferometer with two difiraction gratmgs n a
first position, which diffraction gratings each comprise at
least one grating part and at least an aperture part, wherein
a first diffraction gratmg 1S a phase grating and a second
diffraction grating 1s an analyzer grating. a2) Phase stepping
the analyzer grating. a3) Recording first raw image data with
a sensor with at least two parts; wherein a first and a second
part are recording phase contrast image information and
density information respectively. b) Translating the analyzer
grating and the phase grating to a second position. cl)
Applying coherent X-ray radiation to the interferometer in
the second position. ¢2) Phase stepping the analyzer grating.
c3) Recording second raw 1mage data with a sensor with at
least two parts, wherein the first and second part are record-
ing density information and phase contrast information. d)
Providing the recorded first and second raw 1mage data as
raw 1mage data.

It 1s noted that the gratings part contain some intensity
information, too. However, the distinction above refers more
to the general diflerence for illustration.

According to a further exemplary embodiment of the
invention, a method 1s provided, wherein step al) comprises
applying the coherent X-ray radiation to a phase grating and
an analyzer grating, which each comprise at least one
portion of a first sub-area. The first sub-area comprises a
grating structure with a plurality of bars and gaps being
arranged periodically with a first grating pitch P,. The bars
are arranged such that they change the phase and/or ampli-
tude of an X-ray radiation and the gaps are X-ray transpar-
ent. The phase grating and the analyzer grating also each
comprise at least one portion of a second sub-area, which 1s
X-ray transparent and wherein the at least one portion of the
second sub-area provides an X-ray transparent aperture in
the grating. Portions of the first and second sub-areas are
arranged 1n an alternating manner in at least one direction.
Further, step a3) comprises recording the first raw image
data with the sensor in the first position, wherein the sensor
comprises at least one sensor pixel of a first sub-group of
pixels and at least one sensor pixel of a second sub-group of
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pixels. In the first position, the first sub-areas of the phase
grating and the analyzer grating are each arranged at least
partially 1n front of the first sub-group of pixels and the
second sub-areas are arranged at least partially 1n front of the
second sub-group of pixels. The first and second sub-groups
are recording phase contrast image information and density
information respectively. Further, step b) comprises trans-
lating the phase grating and the analyzer grating 1n relation
to the sensor from the first position to at least the second
position with a first translation pitch P, wherein the
translation pitch 1s adapted to the portions of the first and
second sub-arecas of the phase grating and the analyzer
grating, being arranged in the alternating manner in the at
least one direction. In the second position, the first sub-areas
of the phase grating and the analyzer grating are each
arranged at least partially in front of the second sub-group of
pixels and the second sub-areas at least partially in front of
the first sub-group of pixels. Further, step ¢3) comprises
recording the second raw 1mage data with the sensor in the
second position, wherein the first and second sub-groups are
recording density information and phase contrast image
information respectively.

It can be seen as the gist of the mvention to provide a
diffraction grating with grating portions and aperture por-
tions such that during one image acquisition step, phase-
contrast 1mage information can be recorded as well as
density information. Thus, an increased degree of radiation
passing the object, for example a patient, can be used for
recording 1mage data. As a further advantage, simply said,
two different types of information, 1.e. two different image
types are recorded, namely phase-contrast image informa-
tion as well as density information, e.g. conventional X-ray
images. Of course, also the gratings portions provide some
information about the mean attenuation, e€.g. by averaging
over the phase stepping scans. By translating the phase
grating and the analyzer grating according to the mmvention
to a second position, the analyzer grating having X-ray
absorbing bars, those sensor areas or sensor pixels which
have recorded phase information 1n the first acquisition step
are now covered with the aperture portions such that these
pixels can now record density information, whereas the
pixels that have recorded density information in the first
acquisition step are now able to record phase-contrast image
information 1n the second acquisition step. As an example,
in case of a common analyzer grating with a grating struc-
ture across the whole grating area, wherein the bars cover
50% of the area and the gaps thus provide 50% of the area
to be non-absorbing, only 50% of the X-ray dose reaching
the analyzer grating 1s actually recorded by the sensor. The
other 50% are absorbed by the analyzer grating. In case of
the diffraction grating accordmg to the mvention, if the
grating sub-area comprises 50% of the diffraction grating
area and thus the aperture sub-area comprises 50% of the
diffraction grating area, and assuming the same bars/gap
ratio of 50%, as before, the diflraction grating according to
the invention only absorbs 25% of the radiation hitting the
diffraction grating. This 1s because in 50% of the area, the
portions of the aperture sub-area do not absorb the X-ray
radiation and in the rest of the 50% with portions of the
grating sub-area, only 50%, 1.e. 25% of the overall doses, 1s
absorbed by the bars.

These and other aspects of the present invention will
become apparent from and elucidated with reference to the

exemplary embodiments described hereinatter.

BRIEF DESCRIPTION OF THE

DRAWINGS

Exemplary embodiments of the invention will be
described 1n the following with reference to the following
drawings.
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FIG. 1 schematically shows an example of a medical
X-ray imaging system according to the invention.

FIG. 2 schematically shows an X-ray image acquisition
device for generating phase-contrast images according to the
invention.

FIG. 3a and 36 schematically show a detector arrange-
ment with a diflraction grating according to the mnvention.

FIGS. 4-5 show further exemplary embodiments of the
detector arrangement of FIG. 3.

FIGS. 6a, 60, 7a, 7b, 8a, 8b, 9a, 9b, 10a-c, 11a, 115,
12a-12¢, 13a, 136, 14a, 14b, 15a-d, 16a-d, and 17a-f show
turther exemplary embodiments of detector arrangements
according to the mnvention.

FIGS. 18a-d and 19a-d show further exemplary embodi-
ments of detector arrangements according to the invention.

FI1G. 20 schematically shows a further exemplary embodi-
ment of an X-ray image acquisition device for generating,
phase-contrast 1mages according to the ivention.

FIG. 21 shows basic method steps of an exemplary
embodiment of the invention.

FIG. 22 shows a further exemplary embodiment of a
method according to the invention.

FIG. 23 shows a further exemplary embodiment of a
method according to the mnvention.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 schematically shows a medical X-ray imaging
system 300 for differential phase-contrast imaging. The
system comprises an X-ray image acquisition device 510 for
generating phase-contrast images of an object, for example
a patient. The X-ray image acquisition device 510 comprises
an X-ray source 312 and a detector 514 arranged opposite to
the X-ray source 5312 on a C-arm structure 516. Further, the
X-ray 1mage acquisition device 510 comprises a source
grating 518 (not further shown), a phase grating 520 and an
analyzer grating 522 which are also not further shown.
These aspects will be described 1n more detail with reference
to FIG. 2 below.

A table 524 1s provided as an object receiving device. The
table 524 1s arranged at least partially between the X-ray
source 312 and the detector 514.

Further, a processing unit 526 and an interface unit 528
(not further shown) are also provided. Still further, a display
device 530 1s arranged above the table 524 to display
information to the user. Further, an interaction panel 532 is
arranged for input by the user.

The processing unit 526 1s located underneath the table

524 to save space within the examination room. Of course,
it 1s also possible to locate the processing unit 526 at a
different place, for example a different room.
It 1s noted that the example shown 1s of a so-called C-type
X-ray 1mage acquisition device 510 comprising an arm 516
in form of a C where the 1image detector 514 1s arranged at
one end of the C-arm 516 and the source 512 of X-ray
radiation 1s located at the opposite end of the C-arm 516. The
C-arm 516 can be movably mounted and can be rotated
around the object of interest located on the table 524. In
other words, 1t 1s possible to acquire 1images with different
directions of view.

It 1s further noted, that, of course, other forms of X-ray
image acquisition devices are also possible, such as a gantry
with a rotating pair of X-ray source and detector.

According to an exemplary embodiment, the processing
unit 526 1s adapted to control the X-ray source 512 as well
as phase stepping of the analyzer grating 522 and/or the
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phase grating 520 and translating the phase grating 520 and
the analyzer grating 522, which will be explained further
below.

The interface unit 528 1s adapted to provide the recorded
data by the detector 514 to the processing unit 526.

The X-ray image acquisition device 310 will now be
described with reference to FIG. 2. The X-ray image acqui-
sition device 510 for generating phase-contrast images com-
prises: the X-ray source 512; the source grating 518; the
phase grating 520; the analyzer grating 522; and the detector
514, with a sensor 515, for examination ol an object,
indicated with reference numeral 534. An X-ray beam 536

of polychromatic spectrum of X-rays 1s provided by the
X-ray source 512 which 1s provided as a conventional X-ray
source. The X-ray radiation beam 536 i1s applied to the
source grating 518. The source grating 518, also referred to
as (50, 1s adapted to provide suflicient transverse coherence
to 1lluminate at least one full grating pitch of the phase
grating 520 coherently, so that interference can be observed
at the location of the analyzer grating 522. Simply said, the
source grating 518 1s “splitting” the X-ray radiation such
that coherent X-ray radiation 1s provided (not further
shown). The beam 336 passing the source grating 518 1s
indicated with reference numeral 538. The phase grating 520
1s 1lluminated by several of the slits and can be called a beam
splitter grating as well as 1t splits the beam 538 in the two
leading orders, i.e. 1°* orders of diffraction, as the 0” order
1s cancelled out exactly. Passing the phase grating 520, the
split beams hit the analyzer grating 522 in an analyzer plane.
After recombining the split beams behind the phase grating
520, the recombined beam 1s applied to the analyzer grating
522. Then, the detector 514 with a sensor 1s recording raw
image data while the analyzer grating 522 1s stepped trans-
versely 1n relation to one period of the analyzer grating 522.
The phase grating 520, the analyzer grating 522 and the
detector 514 are provided as a detector arrangement 10
according to the mvention, which will be described in the
following. The analyzer grating 522 and/or the phase grating
520 are adapted to be stepped transversely at least 1n relation
to the period of the analyzer grating 522. Further, the phase
grating 520 and the analyzer grating 522 are provided as a
diffraction grating for X-ray diflerential phase-contrast
imaging according to one of the embodiments described
below.

The phase grating 520 may be made up of two sub-areas,
arranged together 1n a chess-board pattern. A first sub-area
540 may include, throughout, a grating structure of bars and
gaps. The first sub-area 540 may spatially correspond to the
chess-board squares of a same color, each such square
spatially corresponding to a portion 542a, 542b, 542¢, . . . of
the first sub-area. A second sub-area 546 may spatially
correspond to the chess-board squares of the other color, and
may consist of portions 348a, 548b, 548c, . . . that are X-ray
transparent. Thus, the phase grating 520 may consist of
collectively: a) the portions 542a, 542b, 542c¢, . . . of the first
sub-area 540; and b) the portions 548a, 548b, 548¢, . . . of
the second sub-area 546. The analyzer grating 522 may be
configured the same way, as seen 1 FIG. 2.

According to a further aspect, also the phase grating 520,
also referred to as (51, 1s stepped with respect to the analyzer
grating 322, referred to as G2. Then however, 1t suflices to
step the phase grating 520 by only 4 of 1ts pitch, as the
frequency of the mterference fringes at the analyzer grating
522 1s double the pitch of G1, 1.e. the phase grating, which
1s the case for parallel beams. For cone beams, a magnifi-
cation leads to a slight deviation from the factor 2.
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The first and second diflraction gratings are each adapted
to be translated 1n relation to the sensor from a first position
P1 to at least a second position P2 with a first translation
pitch P, which 1s adapted to the portions of the first and
second sub-areas being arranged 1n the alternating manner 1n
the at least one direction. In the first and second position,
different fractions of the sensor are arranged behind the
portions of the first and second sub-areas.

According to another aspect, the source grating 518 1s
provided as an absorption grating as well, since the Talbot
eflect 1s observable here, too.

According to an exemplary embodiment, the sensor com-
prises at least one sensor pixel of a first sub-group of pixels
and at least one sensor pixel of a second sub-group of pixels
(see below).

In FIGS. 3a and 35, the detector arrangement 10 of an
X-ray system for generating phase-contrast images of an
object 1s schematically shown. The detector arrangement 10
comprises a detector 12 with a sensor and a first and second
diffraction grating, which are provided as an analyzer grat-
ing 14 and a phase grating 15, as already described above.
FIG. 3a shows a plan view and FIG. 3b shows an 1sometric
VIEW.

With relation to the direction of radiation to be applied,
the phase grating 135 and the analyzer grating 14 are arranged
in front of the detector 12 according to the following figures,
wherein the phase grating 15 1s arranged in front of the
analyzer grating 14.

For a better understanding, FIG. 35 shows a perspective
view of the schematic arrangement. In FIG. 34, the analyzer
grating 14 1s arranged above the detector 12 and the phase
grating 15 above the analyzer grating 14.

It 1s explicitly noted that in the following, the analyzer
grating 14 1s described. However, according to the present
invention, the grating features of analyzer grating 14 are also
provided for the phase grating 15. Further, the phase grating,
15 and the analyzer grating 14 are arranged 1n front of each
other with the same (sub-) grating structure according to one
of the embodiments described for the analyzer grating, 1n
order to provide the detection of phase-gradient information.

In other words, the features and characteristics described
for the analyzer grating 14 also apply to the phase grating 15,
which 1s not further shown for a better understanding of the
drawings.

As can be seen, a sensor of the detector 12, (said sensor
being disposed behind the analyzer grating 14 in FIG. 6aq,
but partially visible in FIG. 6qa, for example through the top
rightmost portion of the analyzer grating portions shown—
said sensor likewise being disposed behind the right-shifted
analyzer grating 14 in FI1G. 6b, but partially visible 1n FIG.
65, for example through the top leftmost portion of the
analyzer grating portions shown), comprises at least one
sensor pixel 16 of a first subgroup of pixels 18 (see also FIG.
6//.) and at least one sensor pixel 20 of a second subgroup
of pixels 22 (see also FIG. 6//.). The analyzer grating 14 for
X-ray differential phase-contrast imaging comprises at least
one portion 24 of a first sub-area 26 and at least one portion
28 of a second sub-area 30—these sub-areas 26, 30 are
better seen 1n FI1G. 2 as, for example, the sub-areas 540, 546
in a chess-board pattern. The first sub-area 26 comprises a
grating structure 32 with a plurality of bars 34 and gaps 36
being arranged periodically with a first grating pitch P, 38,
as seen 1 FIG. 3b5. (Likewise, with reference to FIG. 8a,
bar-and-gap patterned portions 24, here rectangular rather
than square-shaped, and the first sub-area 26 comprising
them, are shown.) The bars 34 are arranged such that they
change the phase and/or amplitude of an X-ray radiation and
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the gaps 36 are X-ray transparent. The second sub-area 30 1s
X-ray transparent and the at least one portion 28 of the
second sub-area 30 provides an X-ray transparent aperture
40. Portions of the first and second sub-areas 26, 30 are
arranged 1n an alternating manner in at least one direction
D1 42. The analyzer grating 14 1s adapted to be translated 1n
relation to the sensor 515 from a first position P1 to at least
a second position P2 with a first translation pitch P,
indicated with an arrow 44. The translation pitch P, 1s
adapted to the portions of the first and second sub-areas 26,
30 being arranged 1n the alternating manner 1n the at least
one direction. In the first and second position P1, P2,
different fractions 12a of the sensor 515 are arranged behind
the portions of the first and second sub-areas.

According to a further aspect, the diffraction grating 1s an
analyzer grating for X-ray diflerential phase-contrast imag-
ing, wherein the bars of the analyzer grating are X-ray
absorbing such that they are changing the amplitude of
X-ray radiation passing the grating.

According to a further exemplary embodiment, the dii-
fraction grating 1s a phase grating for X-ray diflerential
phase-contrast imaging, wherein the bars of the phase grat-
ing are changing the phase of X-ray radiation passing the
grating.

According to a further aspect, the sensor 1s adapted to
record raw 1mage data.

According to a further aspect, the analyzer grating 14 1s
adapted to be phase-stepped transversely in relation to one
period of the analyzer grating structure with the first grating
pitch P, 32.

As can be seen, 1n FIG. 3a, the translation direction 1s
indicated by the virtual arrow 44. The phase stepping is
indicated with a smaller double arrow 46 perpendicular to
the grating structure. As can be seen, the analyzer grating 14
1s translated in a vertical direction from the first position

which 1s shown in the left halt of FIG. 3a, to the second
position which 1s shown in the right half of FIG. 3a. The
process of translation 1s indicated with a broad arrow 48. The
arrow 44 1n the left halt of FIG. 3a indicates that this step
of translating will be applied during the translation. Follow-
ing, since 1n the state shown 1n the right half, the translation
has already been applied, an arrow 1n a broken line 50 1s
indicating the preceding translation step, 1.e. the step that has
been performed.

It 1s noted that the arrow 44 indicating a translation step
to be performed and the arrow 50 indicating a preceding
translation step, 1.e. a translation step that has been per-
formed, are used throughout the following figures and will
thus not be explicitly mentioned at all instances where this
1s shown 1n the drawings. However, 1t 1s noted that these
symbols are shown and explained in such a clear manner that
they are clear to a skilled person and thus need no further
explanation 1n the written description.

In FIG. 35, the translation from the first position P1 to the
second position P2 1s shown 1n a perspective view.

Of course, all figures are not shown 1n scale. Especially
the grating structures and the distances of the gratings in the
perspective 1llustrations are only shown schematically.

As can be seen 1n FIG. 4, according to a further aspect of
the invention, the analyzer grating 14 and the detector 12 can
be arranged such that the translation occurs horizontal, 1.¢.
perpendicular to the grating structure. Of course, the (eflec-
tive) phase stepping, indicated by double arrow 46, has to
take place perpendicular to the grating structure.

As can be seen from FIG. 5, the portions of the first and
second sub-areas 26, 30 can be provided to be rectangular,
wherein their extension in one direction differs from the
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extension 1n a second direction. Alternatively, as shown 1n
FIGS. 3 and 4, the portions each have a square form.

According to a further (not shown) aspect of the mven-
tion, the grating-portions, 1.e. portions of the first sub-area,
and the aperture-portions, 1.e. portions of the second sub-
area, are provided in different shapes such as triangular,
hexagon or others.

As can be seen by these very schematic illustrations, with
the analyzer grating 14 according to the invention, 1t 1s
possible to acquire image data 1n a first step where the first
subgroup 18 of pixels records phase gradient information,
since the grating part, 1.e. the first sub-area 26, 1s arranged
above or in front of 1t with respect to the direction of
radiation. The second subgroup of pixels 22 records image
data comprising density information since the analyzer
grating 14 1s arranged such that the second sub-area 30, or
in other words the X-ray transparent aperture 40, 1s arranged
in front of this part of the sensor.

Due to the translation, indicated with arrow 48, the
analyzer grating 14 1s then positioned such that the grating
part, 1.¢. the first sub-area 26 1s arranged 1n front of the
second subgroup of pixels 22, 1.e. 1n FIGS. 3 to 5 the at least
one sensor pixel 20 of the second subgroup of pixels 22,
such that this sensor pixel 20 now records image data
comprising phase gradient information. The second sub-area
30 1s now arranged 1n front of the at least one sensor pixel
16 of the first subgroup 18 of pixels, thus recording density
information i this second acquisition step. Of course, for
recording phase gradient information, the analyzer grating
14 15 adapted to be phase-stepped 1n the first and the at least
second position P1, P2.

According to a further aspect of the invention, in the first
and second position P1, P2, one of the first or second
sub-areas 26, 30 of the analyzer grating 14 i1s arranged 1n
front of one of the first or second subgroups of pixels 18, 22,
and 1n the second position P2, the other one of the first or
second sub-areas 26, 30 of the analyzer grating 14 1s
arranged 1n front of the other one of the first or second
subgroup of pixels 18, 22, which 1s not turther shown.

According to a further aspect, in the first and/or second
position P1, P2, the at least one portion of the first or second
sub-area 26, 30 1s arranged partially 1in front of one of the
first or second subgroups of pixels 18, 22.

According to a further aspect of the invention, portions of
the first and second sub-areas 26, 30 are arranged 1n an
alternating manner in a first and a second direction. For
example, the first direction is referred to as the x-direction
and the second direction i1s the y-direction.

According to a further aspect, a plurality of the portions
of the first sub-area 1s arranged 1n the x-direction with a first
X repetition pitch Py, ..

According to a further aspect, a plurality of the portions
of the first sub-area 1s arranged 1n the y-direction with a first
y repetition pitch Py .

According to a further aspect, a plurality of the portions
of the second sub-area 1s arranged in the x-direction with a
second X repetition pitch Py, ..

According to a further aspect, a plurality of the portions
of the second sub-area 1s arranged in the y-direction with a
second y repetition pitch P,

According to a further aspect, the first x repetition pitch
P, and the second x repetition pitch P, are equal.

According to a further aspect, the first y repetition pitch
Pz, and the second y repetition pitch Py, are equal.

According to a further aspect, the x and y repetition
pitches Pg,, P, are equal.
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It must be noted that the above-mentioned aspects can be
freely combined.

According to a further aspect, the portions of the first and
second sub-areas 26, 30 are equal 1n size. With reference to
FIGS. 6a and 6b, the portions of the first and second
sub-areas 26, 30 are arranged across the area of the analyzer
ograting 14 in a chessboard pattern 51. As schematically
illustrated, a plurality of portions 52 of the first sub-area 26,
1.e. portions with a grating structure indicated with a linear
line structure 54 throughout the figures, are arranged 1n the
horizontal direction, 1.e. the x-direction with a first x rep-
ctition pitch P,,, indicated with reference numeral 56.
Further, a plurality of the portions 58 of the first sub-area 26
are arranged 1n the y-direction with a first y repetition pitch
Pz.,. indicated with reterence numeral 60. As can be seen,
the first repetition pitches are equal 1n size.

Underneath the analyzer grating 14, the detector 12 1is
arranged. The sensor comprises sensor pixels 16 of the first
subgroup 18 of pixels, which are covered by the portions of
the first sub-area 26 of the analyzer grating 14. The sensor
turther comprises sensor pixels 20 of the second subgroup of
pixels 22 which are indicated with a dotted-line pattern
which pattern 1s only for explanation and 1s not referring to
any structural difference of the sensor pixels of the first and
second subgroup. FIG. 6a shows the first position P1 1n
which raw 1mage data can be recorded by the sensor. As
mentioned above, the sensor pixel 16 of the first subgroup 18
of pixels records phase gradient information (of course,
together with some density information; see above) whereas
the sensor pixels 20 of the second subgroup of pixels 22
records density information at this position, while phase-
stepping 1s applied.

By translating the analyzer grating 14, the portions 24 of
the first sub-area 26 are arranged in front of the sensor pixels
20 of the second subgroup of pixels 22.

The sensor pixel 16 of the first subgroup 18 of pixels 1s
now arranged behind the portions 28 of the second sub-area
30. Thus, 1n the second position P2, as shown 1n FIG. 65, the
sensor pixels 16 of the first subgroup 18 record density
information whereas the sensor pixels 20 of the second
subgroup of pixels 22 now record phase gradient informa-
tion.

The translation of the analyzer grating 14 1s indicated with
a thick frame 62 indicating a particular portion with a grating
structure of the first sub-area 26. However, the {frame 62 is
for 1llustrative purposes only.

In FIGS. 6a and 6b, the analyzer grating 14 has been
translated with relation to the sensor in a horizontal way,
wherein the sensor remains. Further, it must be noted that the
illustrations show a section of a diffraction grating (phase
grating/analyzer grating) according to the invention, which
can be seen in that, although moving the analyzer grating 14
from FIG. 6a to FIG. 65 by one pitch to the right, the lett
column of FIG. 65 1s also shown with grating fields.

According to a further aspect of the imvention, it 1s also
possible to translate the analyzer grating 14 i1n another
direction, 1.e. 1n the vertical direction as indicated by the
translating arrows 44, 50. This 1s 1llustrated by the frame 62
moving downwards one pitch when translating the analyzer
grating 14. Since the features described in relation with
FIGS. 6a and 6b remain except for the translation direction,
the reference numerals are not repeated 1n FIGS. 7a and 75.

As shown 1 FIGS. 8a and 85, the chessboard pattern 51
can also be arranged with rectangular fields. As can be seen,
the portions 24, 28 of the first and second sub-areas 26, 30
are rectangular, wherein the extension in one direction
differs from the extension 1n a second direction.




US 10,028,716 B2

11

According to a further aspect (not shown), the analyzer
grating 14 of FIGS. 8a and 86 can also be moved in the
vertical direction 1nstead of the horizontal translation shown
in FIG. 8a and FIG. 8b.

According to a further aspect of the invention, illustrated
in FIGS. 9q and 95, a number of portions of the first and/or
second sub-areas are arranged adjacent as first subsets 64
and/or second subsets 66. The first and/or second subsets are
arranged across the area of the analyzer grating in a first
subset repetition pitch P, indicated with reference numeral
68 and/or second subset repetition pitch P, (1indicated with
reference numeral 70) 1n at least one direction respectively.
As can be seen 1n FIG. 9, the subset repetition pitches P,
are equal. However, of course it 1s also possible to provide
different repetition pitches.

According to the example shown i FIG. 9, a pattern
results with open fields 1n the analyzer grating 14, 1.e. with
portions 28 of the second sub-area 30 that are provided only
in every second field, across the horizontal direction as well
as 1n the vertical direction. By ftranslating the analyzer
grating 14 by one translation pitch in the horizontal direc-
tion, the apertures 40 provided by the portions 28 of the
second sub-area 30 are now arranged above or 1n front of the
adjacent pixels of the sensor which belong to the second
subgroup of pixels 22.

As can be seen, density information 1s thus recorded 1n
every second horizontal line. The other lines in between
record phase gradient information data 1n the first position as
well as 1n the second position. However, by computational
steps 1t 1s possible to compute the so to speak missing pixels
of the X-ray image based on the density information.

According to a further aspect, measurements are repeated
alter a shift in the y-direction (not shown).

According to a further aspect, a first number of portions
of the first sub-area and a second number of portions of the
second sub-area are arranged across the analyzer grating 1n
an alternating manner 1n two directions. As can be seen from
FIG. 10, a field with a grating structure 1s provided only 1n
every third field with respect to the horizontal direction and
only 1 every third field with respect to the vertical direction.
From column to column, the grating fields are displaced 1n
diagonal direction by one pitch. In order to acquire phase
gradient information for all sensor pixels, 1n case the sensor
pixels are equal with the portion size of the first and second
sub-arecas ol the analyzer grating 14, 1t 1s necessary to
provide three acquisition steps as indicated by FIGS. 10a,
106 and 10c. As indicated by the frame 62, the analyzer
grating 14 1s arranged 1n a {irst position P1 in FIG. 10a and
then translated by a first translation step to a second position
in FIG. 10b. Next, the analyzer grating 14 1s translated 1n a
second translation step to a third position P3 shown 1n FIG.
10c.

In such a case, the sensor comprises pixels 72 of a third
subgroup of pixels 74 which are indicated with a second
dotted-line pattern 75 for illustrational purposes. With
respect to a particular pixel, by providing three acquisition
steps, the pixel records phase gradient data in one acquisi-
tion step and density mnformation 1 two acquisition steps.

According to a further aspect of the invention, portions of
the first sub-areca 26 are arranged linearly in at least one
linear grating group 76 comprising at least one line 78 of
portions 24 of the first sub-areas. Portions 28 of the second
sub-area 30 are arranged linearly in at least one linear
aperture group 80 comprising at least one line 82 of second
sub-area. As can be seen 1n FIG. 11, at least two linear
grating groups 76 and at least two linear aperture groups 80
are provided. The linear grating groups and the linear
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aperture groups are arranged 1n an alternating manner 1n a
first line pitch P, , which 1s indicated with reference numeral
84 in F1G. 11. In order to provide phase gradient information
for all sensor pixels, the analyzer grating is translated
downwards in the vertical direction from FIG. 11a to FIG.
115, which 1s once again indicated by the frame 62.

As can be seen 1n FIG. 11, the linear grating groups and
the linear aperture groups can have the same extension in
cross direction.

According to a further aspect, the linear grating groups
have an extension in cross direction which 1s different than
the extension in cross direction of the linear aperture groups.
For example, the linear grating groups are smaller or larger
than the linear aperture groups in the cross direction.

According to a further aspect, the linear grating groups
and the linear aperture groups each comprise a different
number of lines. As can be seen 1n FIG. 12, the linear grating
group 76 comprises one line of portions 24 of first sub-area
26. The linear aperture group 80 comprises two lines 82 of
portions 28 of the second sub-area 30. Accordingly, three
positions P1, P2 and P3 are necessary to cover all sensor
clements with the grating fields of the analyzer grating 14,
which 1s indicated by FIGS. 124 to 12c¢.

According to a further aspect of the invention, the size of
the pixels differs from the size of the portions of the first
and/or second sub-areas of the analyzer grating 14.

For example, the pixels of the first subgroup of pixels
differ from the size of the pixels of the second subgroup of
pixels 1n at least one direction and the portions of the first
sub-area are smaller than the larger one of the pixels of the
first or second subgroup.

An example 1s shown in FIG. 13 where the underlying
sensor comprises first sensor pixels 16 of the first subgroup
18 of pixels and sensor pixels 20 of the second subgroup of
pixels 22, which are, as mentioned above, indicated with a
dotted-line pattern. As can be seen, the sensor pixels 16 of
the first subgroup 18 are twice as large 1n the horizontal
direction. An analyzer grating 14 1s provided which com-
prises grating fields and aperture fields in an alternating
manner. As indicated in FIG. 13, the size of the grating
fields, 1.e. the size of the portions 24 of the first sub-area 26
1s half the size in the horizontal direction as the size of the
pixel 16 of the first subgroup 18. The size of the grating field
24 and the size of the pixel 20 of the second subgroup of
pixels 22 are equal. To cover the whole sensor pixel 16, the
analyzer grating 14 has to be translated by a translation pitch
which refers to the pitch of the analyzer grating, indicated by
a translation arrow 84. A sensor pixel 16 of the first subgroup
18 1s indicated with a dotted-line frame 86 for illustrational
purposes. As can be seen 1n FIG. 13a, the grating field 1s
arranged 1n the right half of the dotted-line frame 86,
whereas i FI1G. 135, the grating field of the analyzer grating
1s arranged in the left half of the dotted-line frame 86. Thus,
all fields of the sensor are able to record phase grating
information and density information in a first and second
step.

In FIG. 13, the sensor pixels 20 of the second subgroup of
pixels 22 are arranged 1n an alternating displaced manner
with respect to the vertical direction.

FIG. 14 shows a further embodiment of the embodiment
of the FIG. 13 1n which the pixels 20 of the second subgroup
of pixels 22 are displaced successively with respect to the
vertical direction.

According to a further aspect of the invention, the pixels
can be larger than the portions of the first sub-area which 1s
indicated 1n FIG. 15. In order to cover the sensor pixels 16
of the first subgroup 18 with a grating field of the analyzer




US 10,028,716 B2

13

grating 14, two steps are necessary, which 1s indicated 1n
FIG. 15a and FIG. 1556. As can be seen, the analyzer grating
14 1s translated by a pitch which 1s adapted to the width of
the portion 24 of the first sub-area 26 representing a grating,
structure field, e.g. the pitch 1s half the field’s wadth.

According to another example (not shown), the pitch 1s
the field’s width.

In order to cover the sensor pixel 20 of the second
subgroup of pixels 22, two further steps are necessary
indicated with FIGS. 15¢ and 154

According to a further aspect, the pixels can be smaller
than the portions of the first sub-area, which 1s indicated in
FIG. 16.

As can be seen, 1n order to acquire density information
with all sensor pixel areas, for example the sensor pixel 20
of the second subgroup of pixels 22, two acquisition steps
are necessary, namely the first step shown i FIG. 16a and
the fourth step shown 1n FIG. 16d. Similar, two acquisition
steps are necessary for the sensor pixel 16 of the first
subgroup 18, namely the second step shown in FIG. 165 and
the third step shown 1n FIG. 16c.

According to a further aspect of the invention, 1t 1s also
provided to arrange the analyzer grating 14 such that the
portions 24 of the first sub-area 26 are arranged at least
partially in front of the pixels 16 of the first subgroup of
pixels 18 and partially 1n front of the sensor pixels 20 of the
second subgroup of pixels 22.

According to a further aspect, a sub-part of the part
covered i the third position and a sub-part of the part
covered 1n the fourth position are covered in the fifth
position.

According to a further exemplary embodiment, shown 1n
FIG. 17, 1n the first and second position, the first and second
sub-areas 26, 30 of the analyzer grating 14 are each arranged
at least partially in front of the first subgroup of pixels 18 and
at least partially 1n front of the second subgroup of pixels 22.
In the first and second position, different first and second
parts 90, 92 of the first and second subgroups of pixels 18,
22 are covered by the portions of the first sub-area of the
analyzer grating respectively.

As schematically illustrated 1n FIG. 17, where, as an
example, a sensor with sensor pixels 16 of the first subgroup
of pixels 18 and sensor pixels 20 of the second subgroup of
pixels 22 1s shown, the sensor pixels 16, 20 are arranged in
a chessboard pattern 51, which 1s indicated by a dotted
pattern of the second pixels 20. Further, an analyzer grating
14 1s shown with portions 24 of the first sub-area 26 and
portions 28 of the second sub-area 30. It 1s noted that the
portions 28 of the second sub-area 30 are shown as cut-outs
in the grating structure and therefore are not further indi-
cated for clarnty reasons. The portions 24 with the grating
structure are shown schematically with a line grating. The
analyzer grating 14 1s provided with a chessboard pattern 51
in which the portions 24 with the grating structure and the
portions 28 as apertures are arranged in an alternating
manner 1n both directions. Further, in FIG. 17a the first
position P1 1s shown where the analyzer grating 14 1s
arranged displaced in relation to the sensor 515 by half a
pitch, wherein the pitch of the chessboard pattern 51 of the
sensor 515 and the pitch of the chessboard pattern 51 of the
grating 14 are equal. Thus, each grating field, i1.e. each
portion 24 of the first sub-area 26 covers both half of a first
sensor pixel 16 and half of a sensor pixel 20. For example,
a frame 92 indicates the first position of a particular grating
field in FIG. 17a.

With reference to a particular sensor pixel, indicated by a
doted-line frame 94 1n the third row of the sensor pixels
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being the third column of sensor pixels, the grating portion
24 covers a right half of the pixel 94 which 1s indicated by
a dotted-line frame 94a. With reference to the adjacent pixel
to the right, which 1s indicated with reference number 96, the
grating field 24 covers 1ts left haltf which 1s indicated by a
dotted-line frame 96a.

By translating the grating 14 with respect to the sensor by
one pitch, indicated by the translating arrow 48, the sensor
pixel 94 1s now partially covered by another grating field.
Thus, the grating structure now covers the left half of the
sensor 94 which 1s indicated by a dotted-line frame 94b.
With reference to the sensor pixel 96, the grating field 24
that covered the left haltf 96a 1n FIG. 17a now covers the
right half which 1s indicated with a dotted-line frame 965.
Thus, 1n the second position P2 shown m FIG. 175 a
different part of each pixel 1s covered by a grating field of the
analyzer grating 14.

In a third position P3 shown in FIG. 17¢ the grating
structure 1s arranged such that it covers the upper and lower
halves of the sensor pixels instead of the right and left halves
as shown 1 FIGS. 17q and 1756. The translation to the third
position 1s indicated with a dotted-line translation arrow 98.
With reference to the sensor pixel 94, a portion 24 of the first
sub-area 26, 1.¢. a grating field of the grating 14, covers the
lower half, which 1s indicated with a dotted-line frame 94c.
With respect to sensor pixel 96, a grating field covers the
upper hall which 1s indicated with a dotted-line frame 96c.

From the third position, the grating is translated to a
turther position, 1n which turther raw 1mage data 1s recorded
while applying coherent X-ray radiation and phase-stepping
the analyzer grating. In the further position, the first and
second sub-arcas of the analyzer grating and the phase
grating are each arranged at least partially 1n front of the first
sub-group of pixels and at least partially in front of the
second sub-group of pixels; wherein in the further position,
different further parts of the first and second sub-group of
pixels are covered by the portions of the first sub-area of the
analyzer and phase grating respectively; which further parts
partially overlap with the first and second parts respectively.

By translating the grating to a further position, for
example, a fourth position P4 which 1s shown 1n FIG. 174,
which translation 1s indicated by translation arrow 48, the
grating 1s moved downwards by one pitch, which 1s once
again illustrated with the frame 92.

In the fourth position P4, with reference to sensor pixel
94, a grating ficld now covers the upper hallf which 1s
indicated by dotted-line frame 944d. Similar, with reference
to sensor pixel 96, a grating field now covers the lower hali,
which 1s indicated by a dotted-line frame 96d.

By providing the third position P3 and the fourth position
P4, into which the grating 1s translated, two additional
positions are provided in which raw 1image data 1s recorded
cach, while applying coherent X-ray radiation and phase
stepping the analyzer grating.

Thus, so far four sets of raw 1mage data are provided.

Further, a fifth position P35 is provided into which the
grating 1s translated and in which fifth raw 1mage data 1s
recorded while applying coherent X-ray radiation and phase
stepping the analyzer grating. In the fifth position PS5,
sub-parts of the first, second, third and fourth parts are
covered by the portions of the first sub-area of the analyzer
grating.

For the fifth position, two alternative possibilities are
shown 1n FIGS. 17¢ and 17/.

Starting with the fourth position, 1t 1s possible to achieve
a first fifth position P5, as shown in FIG. 17¢ by translating
the analyzer grating by half a pitch, which 1s indicated with
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dotted-line translation arrow 100 and a pitch indicator arrow
102 which has half the dimension of the previous pitch
arrows. As can be seen by the frame 92, each grating field
of the analyzer grating 14 now covers four sensor pixels at
one time, namely two first sensor pixels and two second
sensor pixels.

With reference to the sensor pixel 94, the upper right
quarter ol the field 1s covered by one grating field as
indicated with dotted-line trame 94e, and the lower lett
quarter 1s covered by another grating field which 1s indicated
with a dotted-line frame 94e,.

With reference to pixel 96, the upper left quart and the
lower right quart are covered by a grating field which 1s
indicated with dotted-line frames 96e, and 96e,.

Thus, the frame 94¢, covers both a part of the frame 944
and a part of the frame 944d.

Further, the frame 94, now covers a part of the frame 945
and a part of the frame 94c.

Further, also with reference to pixel 96, the first, second,
third and fourth parts, 1.¢. the frames 96a, 965, 96¢ and 964
are partially covered by the portions 96e, and 96e, 1n a
similar manner as described with reference to pixel 94.

An alternative fitth position PS5, 1s shown 1n FIG. 17/ This
fifth position PS5, can be achieved starting from the third
position by translating the analyzer grating 14 by half a pitch
to the right, which 1s indicated with a dotted-line translation
arrow 104 and a half pitch arrow 106.

As can be seen, 1n the fifth position PS,, subparts of the
first, second, third and fourth parts are covered by the
portions of the grating fieclds of the analyzer grating 14.
Since the parts of the sensor pixels 94 and 96 are covered 1n
so to speak a mirrored manner, 1.€. istead of the upper right
quart and the lower left quart, 1n pixel 94, the upper leit and
the lower right quart are covered, and similar applies to pixel
96, a repetition of the above-described aspects 1s not nec-
essary at this point.

According to a further aspect, from the third position, the
analyzer grating 1s translated in relation to the sensor from
the third position to the fourth position with a second
translation pitch P,,, which second translation direction 1s
perpendicular to the first translation direction.

For example, this 1s indicated i FIG. 17¢ with a pitch
arrow 108c¢ pointing downwards whereas in FIGS. 17a and
175 the translation 1s indicated with pitch arrows 108a and
1085 leading to the right.

In FI1G. 17, the pitch P, has equal length compared with
the pitch applied 1n the first translation step from P1 to P2.
Of course, the second translation pitch P, can also have a
different value.

With reference to FIG. 17, 1t 1s possible to achieve a
spatial resolution improvement by a factor of 2 in either the
horizontal direction, which 1s shown 1n FIGS. 17a and 175,
or 1n the vertical direction which 1s shown 1n the FIGS. 17¢
and 17d. As explained above, for each of the translational
positions of the analyzer grating, an entire phase stepping
loop has to be performed. By only performing the steps of
FIGS. 17a and 175 or the steps of FIG. 17¢ and FIG. 174,
the resolution can be improved either 1n the vertical or 1n the
honizontal direction but not 1n both directions at the same
time.

An embodiment for which this 1s possible, as explained
above, 1s illustrated by FIG. 17¢ or 17f In other words, 11 the
four phase stepping procedures of FIGS. 17a to 17d are
supported by either of the two stepping cycles shown 1n
FIGS. 17¢ and 17/, the spatial resolution can be improved 1n
the vertical and the horizontal direction simultaneously.
Thus, from the five resulting phases, the phase gradient 1n
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cach quarter of the indicated pixel 95 1 FIGS. 17a to 17d
in combination with either 17¢ or 17f can be computed.

According to a further exemplary embodiment, the first
and/or second diflraction gratings are each adapted to be
phase-stepped 1n relation to one period of the diffraction
grating structure with the first grating pitch P, 1n an acute
angle o to the grating structure of the first and/or second
diffraction grating.

According to a further exemplary embodiment, the ana-
lyzer grating 1s adapted to be phase-stepped 1n relation to
one period of the analyzer grating structure with the first
grating pitch P, 1n an acute angle a to the grating structure
of the analyzer grating. For example, the acute angle 1is
smaller than 90°.

According to a further exemplary embodiment, the phase
grating 1s also adapted to be phase-stepped 1n relation to one
period of the analyzer grating structure with the first grating
pitch P, 1n an acute angle o to the grating structure of the
analyzer grating. For example, the acute angel 1s smaller
than 90°.

According to a further aspect, from the third position, the
analyzer grating 1s translated in relation to the sensor from
the third position to the fourth position with a second
translation pitch P.,; which second translation direction 1s
perpendicular to the first translation direction (not shown).

According to a further exemplary embodiment, an
example of which 1s shown 1n FIGS. 18 and 19, where, for
illustrative purposes, the analyzer grating 14 together with
the detector 12 has been rotated by an angle of 45° which 1s
indicated with reference numeral 109. As indicated by a
shifting double arrow 113, the analyzer grating 1s phase-
stepped 1n a horizontal direction, 1.e. to the left and right.

It must be noted that terms as “right”, “left”, “upwards”
or downwards” as well as “horizontal” and “vertical” relate
to the page on which the figures are presented when looking
at the pages in such a manner that the letters and numbers
can be read, 1.e. 1n most of the cases the figure pages are
regarded 1n a landscape orientation.

The X-ray radiation applied to the gratings has coherence
in two directions.

For example, a source grating with two grating directions
1s used, e.g. a grid-like source grating or source grating with
a grid or raster structure.

According to another example, a microfocus tube 1is
provided.

According to a further example, for the coherent X-ray
radiation, a plurality of nano-tubes 1s provided in order to
generate a respective plurality of X-ray beams.

According to the embodiment shown 1n FIGS. 18 and 19,
a radiation 1s applied which has a high transversal coherence
in two directions, which 1s symbolically indicated by a gnid
with lines, for which the reference numeral 114 is used.

It 1s noted that the grid 114 1s shown such that the corners
of the square-like grid patterns extend beyond the grid,
because the grid 90 only indicates the rotated orientation of
coherence and grating structure and not the actual sizes. Of
course, the gratings can be fully radiated with the radiation
with two coherence directions, 1.e. the detector and the
gratings are radiated over their whole area.

According to another aspect, a radiation 1s provided that
covers the gratings and/or the detector only partially.

According to a further embodiment, although not shown,
x-ray beams with transverse coherence in only one of the
directions shown 1n the figure, 1s provided, e.g. by providing
one or several line sources.

With reference to a selected pixel of the sensor, which 1s
indicated with reference numeral 116, by phase stepping the
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grating to the left and nght, phase gradient information
perpendicular to the particular grating sub-structure
arranged 1n front of the pixel 116 can be acquired since the
phase stepping direction 1s rotated by the angle of 45° but the
resulting projection can be computed such that the informa-
tion 1s achieved. When regarding the neighbouring pixel to
the right which 1s indicated with reference numeral 118, by
phase stepping the grating 1n a horizontal direction which 1s
in an angle to the direction of highest transverse coherence
114, for this particular pixel, phase gradient information
perpendicular to the particular sub-grating arranged 1n front
of the pixel 118 1s achieved. Next, 1.e. after this first
phase-stepped acquisition, the grating 1s translated by one
pixel as indicated with pitch arrows 120a indicating that the
grating 1s going to be translated and the arrow 1205 1ndi-
cating that the grating has been translated. However, a frame
122 1s provided indicating the same grating field throughout
the translating steps. Thus, the analyzer grating 1s translated
from the first position P1 i FIG. 18a to a second position
P2 in FIG. 185. As can be seen, 1n front of the pixels 116 and
118, now there 1s no sub-grating field arranged but the
aperture fields of the analyzer grating. Thus, with reference
to these particular pixels, density information 1s now
acquired.

In a next translating step, 1.e. a second translating step,
indicated with translating arrows 122q in FIG. 18b and 1225
in FIG. 18c¢, the analyzer grating 1s once again stepped by
one pitch 1n this case to the nght downwards direction. As
can be seen by the illustration 1n FIG. 18¢, i front of the
pixel 116, a field of the analyzer grating 1s arranged 1n front
of this pixel with a grating structure oriented in a perpen-
dicular direction compared with the grating field arranged 1n
front of this pixel in position P1 in FIG. 18a. Thus, a third
position 1s provided 1in which the two sensor pixels 116 and
118 are each covered with a grating field of the analyzer
grating 14.

According to a further aspect of the invention, the grating
structure of the first sub-area comprises at least one first
grating field 110 with a first grating orientation G, and at
least one second grating field 112 with a second grating
orientation G,,, wherein the grating orientation G, of the
first grating field 1s arranged i1n a first orientation and
wherein the grating orientation G, of the second grating
field 1s arranged 1n a second orientation which 1s transverse
to the first orientation.

In FIG. 18c¢, the first and second pixels 116, 118 are now
covered with a grating structure which has a direction
perpendicular to that grating orientation of the particular
grating field in FIG. 18a. Hence, phase gradient information
in a different direction 1s now acquired for the pixels 116 and
118. Then, in a third translation step, as indicated by
translation arrow 124a 1 FIG. 18¢ and translation arrow
12456 1n FIG. 18d, a fourth position P4 1s provided 1n which
once again, the pixels 116 and 118 are not covered by a
grating structure but are provided with an aperture field of
the analyzer grating. Thus, 1n this position, for the two pixels
density mformation 1s recorded. However, if looking at the
adjacent pixels, indicated with reference numerals 126 and
128, for these two pixels, phase gradient information 1s
recorded in the fourth position, as i1s also the case in the
second position. Of course, the phase gradient information
in the second position and 1n the fourth position has a
different direction since the gratings of the grating field have
different orientations in these two positions.

In FIGS. 19a, 195, 19¢ and 194, a second possibility for
a phase stepping direction 1s shown, as indicated with a
phase stepping arrow 130 which is oriented 1n the vertical
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direction, 1.e. parallel to one of the two coherence directions
of the source. However, since the grating structures are
arranged 1n an angle towards this phase stepping direction
130, the same phase gradient information can be achieved 1n
the four positions compared to the illustrations of FIG. 18a
to 184. Thus, these steps are not further described but
indicated with similar reference numerals.

The demands on transverse coherence are increased by a
factor of square root of 2 with respect to a conventional
setup 1n order to compensate for the increase 1n the projected
pitch onto the vertical or horizontal directions. The advan-
tages are that the phase stepping 1n two perpendicular
directions can be performed only by a translation of gratings
perpendicular or parallel to the orientations of the source
grating. As mentioned above, the angle of rotation 1s shown
to be 45°, which 1s a preferred angle.

By providing a rotated grating in relation to the direction
of the two coherences of the source, it 1s possible to achieve
gradient information for two different directions, by provid-
ing an analyzer grating with portions of the first sub-area 26
having different directions. However, in order to provide
phase gradient information for all pixels, additional steps are
necessary.

According to a further exemplary embodiment, not
shown, the grating structure of FIGS. 18 and 19 can be
combined with synchrotron radiation or microfocus tubes,
1.e. a radiation which has coherence 1in two directions,
wherein the grating needs not to be rotated.

According to a further exemplary embodiment not shown,
the phase stepping direction comprises an angle of 30-60° to
the direction of the grating structure.

For example, an angle clearly distinguishable from 435°,
c.g. 30° 1s applied for the phase-stepping direction. By
stepping at a different angle than 45°; 1t 1s possible to
distinguish between the phase gradient over the two parts of
the pixel by the frequency of the modulation during phase
stepping. This allow for improved 1mage information acqui-
sition.

According to an exemplary embodiment, the difiraction
grating 1s an analyzer grating for X-ray differential phase-
contrast imaging.

According to a further exemplary embodiment, the dii-
fraction grating 1s a phase grating for X-ray diflerential
phase-contrast 1imaging.

According to a further exemplary embodiment, two dii-
fraction gratings are combined as a phase grating and an
analyzer grating 1n order to provide an interferometer, also
referred to as Talbot-Lau-Interferometer for X-ray difleren-
tial phase-contrast 1maging.

It 1s noted that the term “diffraction” grating is also
applied to an analyzer grating, although the difiraction eflect
of this grating 1s not detected, since the detector 1s arranged
close to the analyzer grating. However, since diffraction 1s
actually induced by such grating, the term difiraction grating
1s suitable.

It 1s Turther noted that the purpose of a phase grating 1s to
induce diffraction and thus detectable interference patterns.
Thus, the phase grating needs not to be X-ray absorbing 1n
order to change the phase of the X-ray radiation. However,
this can also be achieved by an absorbing grating as defined
in the claims.

It 1s further explicitly noted that, according to a further
exemplary embodiment (not shown), the absorbing charac-
teristic of the diflraction grating can be omitted with respect
to the phase grating. According to the mvention, sub-areas
are provided that induce interference, 1.e. that provide dii-
fraction, and subareas where no diffraction occurs.
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A detector arrangement 10 with rotated phase and ana-
lyzer gratings 15, 14 (also indicated with reference numerals
520, 522) i1s shown 1 FIG. 20. As a source grating 518', a
grid-like structure 1s shown indicating the transversal coher-
ence 1n two directions as described above.

Of course, instead of the source grating 318' and the
source 512 provided as a conventional X-ray source, a
microfocus tube or microfocus tube arrangement, €.g. an
array, can be provided.

According to a further exemplary embodiment (not
shown), instead of the grid-like source grating, a linear
source grating resulting in coherence 1n only one direction 1s
provided.

According to a turther exemplary embodiment, a method
400 for differential phase-contrast imaging 1s provided,
which 1s explained with reference to FIG. 21. The method
400 comprises the following steps: In a first position P1, 1n
a lirst application step 410, coherent X-ray radiation 1is
applied to a phase grating and an analyzer grating in the first
position P1. The phase grating and the analyzer grating each
comprise at least one grating part and an at least an aperture
part. Next, in a phase stepping step 412, the analyzer grating,
1s phase-stepped and 1n a further recording step 414, first raw
image data 416 1s recorded with a sensor with at least two
parts, wheremn a first and a second part are recording
phase-contrast image information and density information.
The three steps 410, 412 and 414 are performed at the same
time which 1s indicated with a dotted-line rectangular 418
surrounding the three steps. Further, 1n a translation step T1,
indicated with reference numeral 420, the phase grating and
the analyzer grating are translated to a second position P2.
Then, 1n a second application step 422, coherent X-ray
radiation 1s applied to the phase grating and the analyzer
grating 1n the second position P2. During the application, 1n
a second phase stepping step 424, the analyzer grating is
phase-stepped. At the same time, 1n a second recording step
426, second raw 1mage data 428 1s recorded with a sensor
with at least two parts, wherein 1n the first and second part
are recording density information and phase-contrast image
information. The simultaneous performing of the three steps
422, 424 and 426 1s indicated with a second dotted-line
rectangular 430. In a provision step 432, the recorded first
and second raw i1mage data 416, 428 are provided as raw
image data 434. The combination of the first raw 1mage data
416 and the second raw 1mage data 428 1s indicated with an
arrow 4360.

The application step 410 1s also referred to as step al), the
phase stepping step 412 as step a2), the recording step 414
as step a3), the translating step 420 as step b), the second
application step 422 as step cl), the second phase stepping
step 422 as step ¢2), the second recording step 426 as step
c3) and the provision step 432 as step d).

According to a further exemplary embodiment (not fur-
ther shown), step a2) comprises phase-stepping the analyzer
grating 1n a first position transversely in relation to one
period of the analyzer grating structure with the first grating
pitch P_,. Further, step ¢2) comprises phase-stepping the
analyzer grating in the second position transversely 1in
relation to one period of the analyzer grating structure with
the first grating pitch P;,.

According to a further aspect, 1n the first position, the first
sub-areas of the phase grating and the analyzer grating are
arranged 1n front of the first sub-group of pixels and the
second sub-areas are arranged in front of the second sub-
group ol pixels. Further, the first sub-group 1s recording
phase contrast image information and the second sub-group
1s recording density information.
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According to a further aspect, 1in the second position, the
first sub-areas of the phase grating and the analyzer grating
are arranged 1n front of the second sub-group of pixels and
the second sub-areas are arranged in front of the first
sub-group of pixels. The first sub-group is recording density
information and the second sub-group is recording phase
contrast 1mage imformation.

According to a further aspect, as already mentioned
above, 1n the first position the first part of the detector 1s
recording phase-contrast image imformation, and the second
part 1s recording density information. In the second position,
the first part 1s recording density information and the second
part 1s recording phase-contrast image information.

In FIG. 22, a further exemplary embodiment of the
method 1s schematically illustrated. Following the second
acquisition step indicated with the second dotted-line rect-
angular 430, a second translation step 12, indicated with
reference numeral 438, 1s provided in which the phase
grating and the analyzer grating are translated to a third
position P3. In the third position, a third application step
440, a third phase stepping step 442 and a third recording
step 444 are provided 1n a similar fashion as the respective
steps described above with reference to FIG. 21. Once again,
these steps, providing third image data 445, are performed
simultaneously which 1s indicated with a third dotted-line
rectangular 446.

Further, a third translation step T3, indicated with refer-
ence numeral 448, 1s provided 1n which the phase grating
and the analyzer grating are translated to a fourth position
P4. In this fourth position, a fourth application step 450, a
fourth phase stepping step 452 and a fourth recording step
454, providing fourth image data 455, are provided simul-
taneously, which 1s indicated by a fourth rectangular 1n a
dotted-line, with reference numeral 456. Thus, first, second,
third and fourth raw i1mage data are provided which 1n a
providing step 438 are provided as raw i1mage data 460,
wherein the combination and computational steps are indi-
cated with arrow 462.

One of the advantages of the inventive diflraction grating
structures 1s that phase gradient information 1s acquired for
the complete grating area as well as density information for
the whole area. Compared to a conventional first step with
a conventional grating and a second step as X-ray image
without any grating, no grating removal 1s necessary which
saves time and constructional space and also means a great
relief for the clinical stafl, since the steps can be performed
automatically.

Further, for example when providing a chessboard pat-
tern, 1n the first step, for every second pixel, phase gradient
information 1s acquired, and for every other pixel, density
information 1s acquired. In the second step this 1s vice versa.
However, also from each “grated” pixel, density information
can be retrieved by computing the average density from the
phase stepping results.

By modifying the grating structure such that not the entire
diffraction grating 1s unmiformly covered with equidistant
trenches ol adsorbing material, for example gold, several
embodiments are possible, some of them are described
above. For example, the gold trenches will in the simple case
cover only the squares of one colour of the shown chess-
board pattern formed by square pixels of the detector. If one
complete phase stepping cycle 1s performed with the gold
trenches aligned over the white squares, the phase gradient
of the X-ray wave field can be determined there as usual
whereas the interference Iringes over the black squares
remain unresolved. After that, the analyzer grating and the
phase grating can be translated by one pixel size in either of
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the two dimensions along the X-ray detector to align the
gold filled trenches with the black squares of the chessboard.
The phase stepping can now be repeated there and the phase
grating 1s thus measured over the entire detector. Thus, a
beneficial trade off between dose efliciency and X-ray power
utilized in the generation of phase-contrast 1s achieved.
When the gold chessboard trench pattern 1s oflset from
either the white or the black squares by one half of the pixel
width or height, a phase stepping at that position will
improve the spatial sampling of the phase gradient by a
tactor of 2. To complete the sampling of the phase gradient,
the phase stepping has to be repeated with the analyzer
grating and the phase grating shifted by a full pixel pitch 1n
the same direction in which the half pitch oflset was real-
1zed. To obtain an 1sotropic resolution improvement, accord-

ing to one aspect, at least two more phase stepping proce-
dures are required with offsets perpendicular to the oflsets
realized before.

Thus, the described imaging sequence allows for an
improvement ol the spatial resolution of the phase gradient
by a factor of 2 1 both directions with improved dose
clliciency by a factor of 2 but at the expense of a 2-fold
reduction 1n phase sensitivity. However, in case the focal
spot size 1s the limiting factor of spatial resolution, the
grating-structure needs a respective adaption.

According to a further exemplary embodiment, shown 1n
FIG. 23, following the fourth acquisition 1n position P4, a
fourth translation step T4, indicated with reference numeral
464, 1s performed 1n which the grating 1s translated nto a
fifth position PS5 i which fifth raw i1mage data 475 1s
recorded 474 while applying 470 coherent X-ray radiation
and phase-stepping 472 the analyzer grating. In the fifth
position, sub-parts 94e,, 94e,, 96¢,, 96¢, 1n FIG. 17¢, or
94/., 94f., 96f,, 96/, 1n FIG. 17/, of the first, second, third
and fourth parts are covered by the portions of the first
sub-area of the analyzer grating and the phase grating. The
X-ray-applying, recording and phase-stepping steps are pro-
vided at the same time which 1s indicated with a dotted-line
rectangular 476. Then, the recorded first, second, third,
fourth and fifth raw 1mage datasets are provided 478 as raw
image data 480. Of course, computational steps are provided
in order to provide the raw 1mage data 480; the combination
and computational steps are indicated with arrow 482.

According to a further exemplary embodiment, shown
also 1 FI1G. 17, the fourth acquisition step 1s not applied, but
the fifth acquisition step 1s provided instead. Thus, 1t 1s also
possible to achieve enhanced image data for further pro-
cessing due to the following computational steps. For
example, in FIG. 174a, 1n position P1, for pixel 96, a+c=ml
1s measured; in position P2, b+d=m2 1s measured and 1n
position P3 a+b=m3.

In position P4, c+d=md would be measured. The matrix
thus obtained for this system of linear equations would be
singular. As mentioned above, 11 measurement P4 1s omitted
and position P5 1s measured instead, leading to the sequence
P1, P2, P3, P35, the following equation applies:

(1 0 1 Oy x, Yy (m>
0 1 0O X5 o
110 0flx | |ma
10 0 1T Axs ) \ma,
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According to a turther exemplary embodiment, instead of
the fourth and fifth position, one of the fifth positions (PS5, ;
P5.) 1s provided into which the analyzer grating and the
phase grating are translated (464) and 1n which fifth raw
image data 1s recorded (474) while applying (470) coherent
X-ray radiation and phase-stepping (472) the analyzer grat-
ing; wherein in the fifth position, sub-parts (94e,, 94e,, 96¢,,
96¢,; 94f,, 94/, 96/,, 96f,) of the first, second, third and
fourth parts are covered by the portions of the first sub-areas
of the analyzer grating and the phase grating.

The mvention claimed 1s:

1. A phase grating configured for X-ray differential phase-
conftrast 1maging, comprising:

a first sub-area comprising at least one portion; and,

alongside said first sub-area, a second sub-area compris-

ing at least one portion;

wherein the first sub-area comprises a grating structure

with a plurality of bars, and a plurality of gaps,

arranged periodically with a first grating pitch P, ;

wherein the plurality of bars are arranged so as to change

at least one of phase and amplitude of an X-ray
radiation and wherein the plurality of gaps are X-ray
transparent;
herein said second sub-area 1s X-ray transparent;
herein said at least one portion of the second sub-area
provides an X-ray transparent aperture in said phase
grating configured for X-ray diflerential phase-contrast
imaging; and

wherein multiple portions from among collectively said at

least one portion of said first sub-area and said at least
one portion of said second sub-area are arranged, in at
least one direction, in a pattern characterizable as
alternating by sub-area.

2. The phase grating according to claim 1, wherein said
phase grating has an area comprising said first sub-area and
said second sub-area, ones from among said portions of
collectively said first sub-area and said second sub-area
being arranged across said area in a chess-board pattern,
from a standpoint of portion-wise belonging to said first
sub-area versus portion-wise belonging to said second sub-
area.

3. The phase grating of claim 2, wherein said portions of
collectively said first sub-area and said second sub-area are
arranged across said area in said chessboard pattern.

4. The phase grating of claim 1, wherein said at least one
portion of said first sub-area comprises multiple portions of
said first sub-area; wherein said at least one portion of said
second sub-area comprises multiple portions of said second
sub-area; wherein, for at least one of said first sub-area and
said second sub-area, said multiple portions are arranged
adjacent as correspondingly first subsets and/or second
subsets; and wherein the first subsets, the second subsets, or
both said first subsets and said second subsets are, respec-
tively 1n at least one direction, arranged across an area of
said phase grating 1n direction-wise correspondingly a first
subset-repetition pitch P, and/or a second subset-repeti-
tion pitch P-.

5. The phase grating of claim 1, wherein said at least one
portion of said first sub-area comprises at least two linear
grating groups, each of said at least two linear grating groups
comprising one line of a plurality of portions of said first
sub-area arranged linearly; wherein said at least one portion
of said second sub-area comprises at least two linear aper-
ture groups, each of said at least two linear aperture groups
comprising one line of a plurality of portions of said second
sub-area arranged linearly; and wherein said at least two

=
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linear grating groups and said at least two linear aperture
groups are arranged in an alternating manner 1n a first line
pitch P, ;.
6. The phase grating of claim 1,
wherein said alternating alternates between said first
sub-area and said second sub-area; and

wherein said alternating occurs 1n a direction from among

said at least one direction.
7. The phase grating of claim 6,
wherein said first sub-area and said second sub-area have
respective surfaces having corresponding areas; and

wherein said phase grating comprises said first sub-area
and said second sub-area, said first sub-area being
disposed non-overlapping with said second sub-area so
as to form a surface having an area characterizable as
a sum of said corresponding areas.

8. The phase grating of claim 6, a portion from among
said multiple portions of said first sub-area being arranged 1n
a side-by-side arrangement i1n said phase grating with a
portion from among said multiple portions of said second
sub-area, wherein said side-by-side arrangement 1s 1 a
direction across said phase grating.

9. The phase grating of claim 1, wherein said at least one
portion of a first sub-area and said at least one portion of a
second sub-area are, 1n said at least one direction, arranged
in said pattern characterizable as alternating by sub-area.

10. A diffraction grating configured for X-ray diflerential
phase-contrast 1maging, said diffraction grating having an
area and comprising;:

a first sub-area comprising multiple portions; and

a second sub-area comprising multiple portions;

wherein said first sub-area comprises a grating structure

with a plurality of bars, and a plurality of gaps, the
plurality of bars being arranged interleavingly with the
plurality of gaps and with a first grating pitch P,;
wherein the plurality of bars are arranged so as to change
at least one of phase and amplitude of an X-ray
radiation;
herein said plurality of gaps being X-ray transparent;
herein said second sub-area 1s X-ray transparent;
herein said multiple portions of said second sub-area
provide, both collectively and individually, an X-ray
transparent aperture in said diflraction grating config-
ured for X-ray diflerential phase-contrast imaging;
wherein, for a group consisting collectively of said mul-
tiple portions of said first sub-area and said multiple
portions of said second sub-area, ones of the portions
that make up said group are, 1n a direction, arranged,
from a standpoint of portion-wise belonging to said first
sub-area versus portion-wise belonging to said second
sub-area, alternatingly, such that, during one 1mage
acquisition step, both phase-contrast image information
and density information are recordable,
wherein, for at least one of said first sub-area and said
second sub-area, said multiple portions are arranged
adjacent as correspondingly first subsets and/or second
subsets; and

wherein correspondingly said first subsets and/or said

second subsets are arranged, 1n respectively at least one
direction, across said area 1n direction-wise corre-
spondingly a first subset-repetition pitch P, and/or a
second subset-repetition pitch R,.

11. A diffraction grating configured for X-ray diflerential
phase-contrast 1maging, comprising:

a first sub-area comprising multiple portions; and

a second sub-area comprising multiple portions;
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wherein said first sub-area comprises a grating structure
with a plurality of bars and a plurality of gaps, the
plurality of bars and the plurality of gaps being
arranged periodically with a first grating pitch P ;

wherein the plurality of bars are arranged so as to change

at least one of phase and amplitude of an X-ray

radiation;

herein the plurality of gaps are X-ray transparent;

herein said second sub-area 1s X-ray {transparent;

wherein said multiple portions of said second sub-area

provide an X-ray transparent aperture in said diffraction

grating configured for X-ray diflerential phase-contrast

imaging;

wherein, for a group consisting collectively of said mul-
tiple portions of said first sub-area and said multiple
portions of said second sub-area, the portions are, 1n a
direction, arranged, from a standpoint of portion-wise
belonging to said first sub-area versus portion-wise
belonging to said second sub-area, alternatingly, such
that, during one 1mage acquisition step, both phase-
contrast image information and density information are
recordable;

wherein among said multiple portions of said first sub-
area are at least two linear grating groups, each of said
at least two linear grating groups comprising a respec-
tive plurality of said multiple portions of said first
sub-area, the portions of said respective plurality being
arranged linearly;

wherein among said multiple portions of said second
sub-area are at least two linear aperture groups, each of
said at least two linear aperture groups comprising a
respective plurality of said multiple portions of said
second sub-area, the portions of said respective plural-
ity being arranged linearly; and

wherein said at least two linear grating groups and said at
least two linear aperture groups are arranged 1n an
alternating manner in a first line pitch P,,.

12. An X-ray image acquisition device configured for
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acquisition device including:

a diffraction grating configured for X-ray diflerential

phase-contrast 1imaging comprising:

a first sub-area comprising at least one portion; and,

laterally adjacent to said first sub-area, a second sub-
area comprising at least one portion;

wherein said first sub-area comprises a grating structure
with a plurality of bars and a plurality of gaps,
wherein the plurality of bars and the plurality of gaps
are arranged periodically with a first grating pitch
Psis

wherein said plurality of bars are arranged so as to
change at least one of phase and amplitude of an
X-ray radiation;

wherein said plurality of gaps are X-ray transparent;

wherein said second sub-area 1s X-ray transparent;

wherein said at least one portion of said second sub-
area provides an X-ray transparent aperture in said
diffraction grating;

wherein, from among collectively a) and b), wherein a)
and b) are defined as: a) said at least one portion of
said first sub-area; b) said at least one portion of said
second sub-area, ones of the portions are, in a
direction, arranged, from a standpoint of portion-
wise belonging to said first sub-area versus portion-
wise belonging to said second sub-area, alternat-

ingly:
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said X-ray 1mage acquisition device being configured
for recording, during one image acquisition step,
both phase-contrast 1mage information, conveyed
via said X-ray radiation that has propagated through
a portion from among said at least one portion of said
first sub-area, and density information, conveyed via

said X-ray radiation that has propagated through a
portion from among said at least one portion of said
second sub-area.

13. The X-ray image acquisition device of claim 12,
wherein a portion from among said at least one portion of
said first sub-area 1s arranged 1n a side-by-side arrangement
in said diffraction grating with a portion from among said at
least one portion of said second sub-area; and wherein said
side-by-side arrangement 1s 1n a direction across said dif-
fraction grating.

14. The X-ray image acquisition device of claim 13,
wherein the portions arranged 1n said side-by-side arrange-
ment are from among the at least one portion of said first
sub-area and said at least one portion of said second sub-area
that are arranged alternatingly.

15. The X-ray image acquisition device of claim 13,
wherein the two portions arranged 1n said side-by-side
arrangement are from among the at least one portion of said
first sub-area and said at least one portion of said second
sub-area that are arranged alternatingly.

16. The X-ray image acquisition device of claim 12,
wherein said first sub-area and said second sub-area have
respective surfaces having corresponding areas; and wherein
said diflraction grating comprises said first sub-area and said
second sub-area, said first sub-area being disposed non-
overlapping with said second sub-area so as to form a
surface having an area characterizable as a sum of said
corresponding areas.

17. The X-ray image acquisition device of claim 12,
wherein a {irst portion from among said ones that belong to
said first sub-area 1s specialized for said recording, during
said one 1mage acquisition step, of said phase-contrast
image information, and a second portion from among said
ones that belong to said second sub-area 1s specialized for
said recording, during said one 1mage acquisition step, of
said density mformation, wherein said first portion 1s dif-
ferent from said second portion.

18. The X-ray image acquisition device of claim 12,

wherein said ones of the portions that are, 1n a direction,
arranged, from a standpoint of portion-wise belonging
to said first sub-area versus portion-wise belonging to
said second sub-area, alternatingly are 1n an alternating
arrangement;

wherein:

A) aportion from among those 1n said alternating arrange-
ment that belong to said first sub-area 1s specialized for
said recording, during said one 1mage acquisition step,
of said phase-contrast image information; and

B) a portion from among those 1n said alternating arrange-
ment that belong to said second sub-area 1s specialized
for said recording, during said one 1mage acquisition
step, of said density information; and

wherein the portion specialized for said recording, during
said one 1mage acquisition step, ol said phase-contrast
image mformation 1s different from the portion special-
1zed for said recording, during said one 1mage acqui-
sition step, of said density information.

19. The X-ray image acquisition device of claim 12,

configured such that said diflraction grating 1s one of a phase
grating and an analyzer grating.
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20. The X-ray mmage acqusition device of claim 12,
wherein said at least one portion of said first sub-area
amounts to multiple portions of said first sub-area, and said
at least one portion of said second sub-area amounts to
multiple portions of said second sub-area.
21. The X-ray mmage acqusition device ol claim 20,
wherein: said diflraction grating has an area comprising both
said first sub-area and said second sub-area; for at least one
of said first sub-area and said second sub-area, said multiple
portions are arranged adjacent as correspondingly first sub-
sets and/or second subsets; and correspondingly said first
subsets and/or said second subsets are arranged, 1n respec-
tively at least one direction, across said area in direction-
wise correspondingly a first subset-repetition pitch P,
and/or a second subset-repetition pitch P..,.
22. The X-ray mmage acqusition device of claim 12,
further comprising an X-ray detector that includes an X-ray
sensor, said X-ray sensor including at least two distinct
parts,
wherein said recording, during said one 1image acquisition
step, ol phase-contrast 1image information, conveyed
via said X-ray radiation that has propagated through a
portion from among said at least one portion of said
first sub-area utilizes X-rays received by one of said at
least two distinct parts; and
wherein said recording, during said one 1mage acquisition
step, of density information, conveyed via said X-ray
radiation that has propagated through a portion from
among said at least one portion of said second sub-area
utilizes X-rays received by a different one of said at
least two distinct parts.
23. The X-ray mmage acqusition device ol claim 22,
wherein said X-ray detector comprises, as said one of said
at least two distinct parts, a first subgroup of pixels and, as
said different one of said at least two distinct parts, a second
subgroup ol pixels that 1s non-overlapping with said first
subgroup of pixels.
24. The X-ray mmage acqusition device of claim 12,
wherein said diffraction grating has an area comprising said
first sub-area and said second sub-area, ones from among
said portions of collectively said first sub-area and said
second sub-area being arranged across said area in a chess-
board pattern, from a standpoint of portion-wise belonging
to said first sub-area versus portion-wise belonging to said
second sub-area.
25. A diffraction grating configured for X-ray diflerential
phase-contrast imaging having an X-ray-receiving face, said
diffraction grating comprising:
multiple grating regions each having a plurality of bars,
and a plurality of gaps that: a) alternate with the
plurality of bars so as to space the plurality of bars apart
such that the pitch 1s constant; and b) are transparent to
X-rays,

such that said plurality of bars of a grating region from
among said multiple grating regions change at least one
of phase and amplitude of X-ray radiation incident
upon said grating region via said X-ray receiving face,
a change that would be evident by comparing said at
least one of phase and amplitude correspondingly to at
least one of phase and amplitude of said X-ray radiation
that has passed through said grating region; and

multiple apertures, 1n said diffraction grating configured
for X-ray differential phase-contrast imaging, that are
regions transparent to X-rays;

wherein, laterally across said X-ray-receiving face, ones

from among said multiple grating regions are disposed
side-by-side with ones from among said multiple aper-
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tures, such that said ones from among said multiple
grating regions are, 1n two mutually transverse lateral
directions, arranged so as to alternate with said ones
from among said multiple apertures in a chess-board
pattern.
26. The diffraction grating of claim 23, said ones from
among said multiple grating regions being flush with and
thereby defining said X-ray-receiving face.
27. The diffraction grating of claim 25,
wherein: a) said multiple grating regions are arranged
adjacent as correspondingly first subsets and/or second
subsets; b) said multiple apertures are arranged adja-
cent as correspondingly first subsets and/or second
subsets multiple apertures; or ¢) both a) and b); and

wherein correspondingly said first subsets and/or said
second subsets are arranged, 1n respectively at least one
direction, across said X-ray-recerving face 1n direction-
wise correspondingly a first subset-repetition pitch P,
and/or a second subset-repetition pitch Poy,.

28. A detector arrangement of an X-ray system, said
detector arrangement comprising:

an X-ray detector;

a phase grating; and

an analyzer grating, wherein each of said phase grating

and said analyzer grating 1s configured as the difirac-
tion grating of claim 25.
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